The polymerase chain reaction (PCR) is the most widely used technique for the study of DNA. Applications for PCR have been extended significantly by the development of "long" PCR, a technique that makes it possible to amplify DNA fragments up to 40 kb in length. This article describes two novel applications of the long PCR technique, one which simplifies restriction mapping and another which enhances amplification specificity and yield. The same primers used to perform the long PCR amplification can be used as probes to perform restriction mapping of the DNA fragment amplified. Restriction digestion performed prior to long PCR amplification can be used to selectively suppress the amplification of members of families of closely related DNA sequences, thereby making it possible to selectively amplify one of a group of highly homologous sequences. These two complimentary techniques, both involving use of the long PCR paired with restriction digestion, have potential application in any laboratory in which PCR is performed.
Introduction
The polymerase chain reaction (PCR) has become the most widely used technique for the study of DNA; with applications pertaining to cDNA cloning, gene cloning, polymorphism detection, mutagenesis and allele-specific diagnosis among many others (1, 20) . Each of these applications has been extended by the development of "long" PCR (2, 3), a technique which makes it possible to amplify DNA fragments up to 40 kb in length. This article will describe two applications in which long PCR has been paired with DNA restriction endonuclease digestion. In one case, the approach serves to simplify restriction mapping, a technique central to DNA characterization. The second approach involves performing restriction digestion prior to PCR amplification to "selectively suppress" the amplification of highly homologous DNA sequences.
Restriction mapping is a very useful step in the characterization of a large DNA molecule. DNA mapping by restriction enzyme digestion has been used routinely in preparation for subcloning, in the analysis of restriction fragment length polymorphisms, for comparing different genomic DNA clones, and in the construction of physical maps of chromosomes (4) . Several different approaches have been used to perform restriction mapping (5) (6) (7) (8) . The "classical" approach involved digestion of the DNA fragment, initially with a single restriction enzyme and, subsequently, with a combination of enzymes, followed by gel electrophoresis (5) .
A significant improvement was made by Smith et al. when they suggested that the DNA fragment of interest be radioactively labeled at both ends with 32 P using polynucleotide kinase and 32 P-γ-ATP (6). The end-labeled DNA was then digested with an enzyme for which there was only a single restriction site on the target sequence, and the two resulting fragments were separated by gel electrophoresis. These two DNA fragments, each labeled at one end, were then subjected to partial restriction digestion with different restriction enzymes. The resultant overlapping restriction fragments, all with a common radioactively labeled terminus, were separated by gel electrophoresis and detected by autoradiography.
Another restriction mapping technique involved partial digestion of genomic DNA that had been subcloned into lambda phage or a cosmid vector, followed by Southern analysis performed with radioactively labeled oligonucleotide probes which had been designed on the basis of known vector sequence. Generation of this type of restriction map often began with lambda-terminase digestion of a cosmid that contained the insert of interest (7) . Lambda-terminase cleavage was used to linearize the cosmid at a unique sequence and to generate protruding ends. The linearized cosmid was then subjected to partial restriction digestion, followed by hybridization with radioactively labeled cos site-specific oligonucleotides that hybridized to the 12 bp 5'-protruding ends created by lambda-terminase digestion (7). A conceptually similar method utilized radioactively labeled T3-and T7-specific oligonucleotides that were hybridized to the ends of an insert that had been excised from a cosmid vector by NotI digestion (8) . After the DNA insert had been separated from the vector by complete digestion with NotI, it was then subjected to partial digestion with other restriction enzymes. The resulting restriction fragments were separated by gel electrophoresis, followed by transfer to a membrane. The immobilized restriction fragments could be detected by the use of radioactively labeled end-specific T3 or T7 oligonucleotides (8) .
Unfortunately, the lambda-terminase technique is not suitable for mapping cosmids that contain multiple cos sites, and the T3-T7-specific technique requires that the insert contain no NotI sites. Development of a vector-independent procedure for restriction mapping would make it possible to obtain restriction maps without the requirement that vector sequence be known, and, of more importance, without the requirement for subcloning. Development of the long PCR now makes such an approach feasible (2, 3).
Long PCR-based restriction mapping can potentially be used to generate restriction maps quickly and simply for any DNA sequence that can be amplified (9) , which, for the long PCR, includes regions up to 40 kb in length (2, 3) . The technique utilizes the same general principles used in the 3'-and 5'-labeling of restriction fragments generated from either purified DNA molecules or sequences which have been cloned into a vector. However, the long PCR approach does not require purification or cloning of the DNA molecule to be characterized, and it does not require knowledge of a vector sequence. The technique is illustrated schematically in Figure 1 . The same primers used to perform the PCR amplification are radioactively labeled so they can also serve as probes for the detection of DNA fragments generated by partial restriction enzyme digestion of the long PCR amplification product. The method has been used successfully to generate restriction maps for the human estrogen sulfotransferase gene (9, 10) and the human thiopurine methyltransferase gene (11) . Application of this long PCR-based technique for restriction mapping of the human estrogen sulfotransferase gene is shown in Figure 2 (9, 10) . A different, but related application of long PCR also pairs the technique with restriction digestion, but in this case restriction digestion is performed before the amplification reaction to make possible the selective amplification of a single member of a family of highly homologous DNA sequences (12) .
High specificity and adequate yield of the desired amplification product are important issues in all PCR reactions, including long PCR amplifications. Many different strategies have been used in attempts to increase reaction yield and specificity. For example, considerable effort has been expended on the optimal design of PCR primers and on the modification of reaction conditions, (1, 13, 14) . "Selective suppression" by restriction endonuclease digestion is a long PCR technique that is intended to enhance both specificity and yield when the long PCR is used to amplify individual members of families of closely related DNA sequences. We tested the feasibility of this approach by using it to amplify individual members of a group of three highly homologous human chromosome 16 phenol sulfotransferase genes, STP1, STP2 and STM (12, 15, 16) . Selective suppression combines pre-amplification restriction endonuclease digestion with a hot start for the long PCR, all performed in a single reaction tube. Reagents used for restriction digestion of template DNA are initially separated by a wax barrier from those required for the long PCR amplification. After the hot start of the amplification reaction, the final concentrations of all the reactants are optimal for performance of long PCR. However, DNA template sequences which might have resulted in generation of nonspecific amplification products have been eliminated by restriction digestion performed in the same reaction tube immediately prior to the long PCR reaction. Furthermore, since template sequences which might compete for primers and other limiting reagents during the long PCR have been removed prior to the reaction, the selective suppression technique also promotes increased yields of the desired amplification product. This approach is especially useful when it is not possible to design optimal primers, either as a result of limited knowledge of the DNA sequence to be amplified or in situations in which multiple copies of very similar sequences are present in the template DNA.
Restriction digestion has been used previously as a way to remove contaminating DNA prior to the addition of template (17) or as a method to enhance the amplification of relatively short, known sequences (18) . However, in selective suppression of long PCR, the amplification of entire genes or large portions of genes is often the goal, and much of the amplified sequence may be unknown. The most appropriate endonuclease for a given application can be selected on the basis of either the results of pilot experiments or knowledge of restriction patterns for one or more of the highly related sequences to be amplified. This strategy reduces the effort required to design specific PCR primers for the amplification of very similar sequences, and it is particularly useful when limited sequence information is available for primer design.
We have illustrated the selective suppression technique in Figure 3 by showing its use for the specific amplification of two of the three phenol sulfotransferase genes found on human chromosome 16 (15, 16) . The figure shows both a schematic outline of the technique ( Figure 3A ) and actual data for an amplification performed after selective suppression by EcoRI or XbaI digestion ( Figure 3C ). Because of the very high degree of sequence identity present among these genes, a single primer pair can be used to amplify STP1, STP2 and STM. The particular pair of primers used to obtain the data shown in Figure 3 amplifies the coding exons of all three genes in fragments 7.5, 7.0 and 6.9 kb in length for STP2, STM and STP1, respectively (12, 15, 16; Figure 3 ). However, STP2 is not cleaved by XbaI restriction digstion, while both STP1 and STM are cut by this enzyme (see the table in Figure 3B ). Conversely, STM has no restriction sites for EcoRI, while STP1 and STP2 both contain EcoRI restriction sites. The enhanced specificity and yield of STM amplification after prior restriction digestion with EcoRI, and the enhanced specificity and yield of the STP2 amplification product following incubation with XbaI are shown in Figure 3C . In essence, this approach converts the high degree of sequence similarity present within members of some gene families from a disadvantage into an advantage. Use of selective suppression makes it possible to study individual members of gene families with highly similar sequences by "spotlighting", in turn, each member of the family (Figure 3) . Therefore, selective suppression, a technique that involves restriction endonuclease digestion performed in the same reaction tube prior to long PCR amplification, like the use of the long PCR to simplify and speed restriction mapping, should have potential application in any laboratory in which the PCR is performed. and STM is shown. These three human chromosome 16 genes can each be amplified by use of the primers F2 and R2 (12, 15, 16) . The effect of digestion of human genomic DNA with either EcoRI or XbaI prior to long PCR amplification of these genes is depicted schematically. (B) Susceptibility of human phenol sulfotransferase genes STP2, STM and STP1 to restriction digestion with EcoRI and XbaI. A (+) in the table indicates that the portion of the gene amplified by long PCR primers F2 and R2 can be digested by the enzyme, while a (-) indicates that it cannot be digested. (C) Effect on the amplification of STP2, STM, and STP1 of selective suppression performed with varying concentrations of EcoRI and XbaI, using human genomic DNA as the template. STM and STP1 cannot always be resolved clearly.
Protocols

Required Reagents and Equipment
Protocol 1: Long PCR-Based Restriction Mapping
Long PCR reaction All reagents for long PCR except primers and template are supplied with the GeneAmp XL PCR Kit or similar kits that can be obtained from other suppliers. Please refer to the GeneAmp XL PCR Kit instructions for additional instructions. The temperature during the denature/annealing step must be adjusted on the basis of the properties of the primers used. 3. Pipette 40 µl of the lower PCR buffer into the bottom of a 0.5 ml thin-walled PCR tube. 4. Add one AmpliWax PCR Gem 100 bead to the PCR tube. 5. Place the PCR tubes in the thermal cycler. Heat at 80˚ C for 5 min and then cool to 25˚C (i.e. initiate thermal cycler file 1, as outlined in step 2). 6. Pipette 60 µl of the upper PCR buffer into the PCR tubes at 25˚C. 7. Proceed with the remainder of the PCR cycle as outlined in step 2.
Partial Restriction Enzyme Digestion 1. Decide how many restriction enzymes are to be used for restriction mapping.
Prepare two sets of microcentrifuge tubes for each enzyme and pipette 40 µl of the PCR reaction mixture into one set of microcentrifuge tubes on ice. 2. Pipette 3 µl of 0.5 M EDTA, pH 8.0, into the other set of microcentrifuge tubes.
These tubes will be used to terminate the restriction digestion reaction. 3. Add 2 µl of the restriction enzyme to be tested to the microcentrifuge tubes with the PCR mixture. Mix well, centrifuge briefly and then incubate at the appropriate temperature. (See Notes and Tips 2). 4. Terminate the restriction reactions after 2.5, 7.5, 15 and 30 min incubations by transferring 10 µl of the reaction mixture for each restriction enzyme into the tube containing EDTA for that enzyme (described in step 2) In other words, all four timepoints for each enzyme will be pooled in a single tube, increasing the probability that all possible products of the partial digestion will be represented. 5. Mix well by vortexing and then centrifuge briefly. Notes and Tips 1. Primer sequences for long PCR reactions should be examined carefully for secondary structures and false priming by the use of primer design computer software, such as NBI's Oligo (National Biosciences, Inc., Plymouth, MN) (13) . Pilot experiments may be needed to determine optimal PCR conditions, since those conditions will be primer-dependent.
2. It is recommended that a pilot experiment be performed to determine the appropriate amount of a particular restriction enzyme that is required to obtain partial digestion. Many restriction enzymes possess variable activities when restriction digestion is performed in the PCR reaction mixture (19) . We have found it convenient to perform a series of restriction digestion reactions with different concentrations of a particular restriction enzyme while holding restriction digestion time constant. 3. Eighty to 160 ng of human genomic DNA should be adequate for the long PCR amplification of a 10 kb target sequence. 4. Restriction maps generated from either end of a target DNA fragment with a particular restriction enzyme should agree (Figure 1) , especially within the central portion of the target sequence. Lack of consistency between these results usually reflects nonspecific hybridization of the probes to the partially digested DNA fragments. This problem can be addressed by: (a) increasing hybridization temperature; (b) using a highly stringent wash after the hybridization; or (c) using a probe that is located internal to the PCR amplification primer, to achieve greater specificity.
